Antarctica, increased between 1986 and 1991; SO2 from 7.7 to 25.9 Gg yr -•, HC1 from 6.9 to 13.3 Gg yr -• and HF from 4.0 to 6.0 Gg yr -•. The emission rates of halogens from Mount Erebus are high relative to SO2 emissions and are accompanied by relatively high emissions of trace gases and aerosols (Na, K, As, Zn, In, As, Se, and Au). Many elements (S, C1, and metals) found in the Erebus plume are common impurities in Antarctic snow. Using a model which assumes a homogeneous distribution of the volcanic gas plume over Antarctica, we suggest that Erebus could be a source of the impurities. We calculate that Erebus could potentially contribute between 4 and 14 ng g-• snow of C1 at the south pole, and between 11 and 36 ng g-• snow of C1 at Dome C. Excess C1 (C1 in excess of that derived from marine NaC1 aerosols) recorded in snow and fun cores from south pole and Dome C cotfid be mainly derived from Erebus. Similarly, our predicted concentrations of Erebus-derived Cu, Zn, Cd, V, As, and Au in Antarctic snow are close to those reported. Trace element and Pb isotope compositions of Erebus aerosols are similar to those collected in remote regions of Antarctica. The volcanic gas plume emitted from Erebus appears to make a significant contribution to the Antarctic atmosphere and can be detected in the snow deposited over a wide area of the continent.
Introduction
Volcanoes are an important source of gases and aerosols to the atmosphere. Large volcanic eruptions which penetrate the stratosphere can bring about global changes [Lamb, 1970; Sear et al., 1987; Simarski, 1993] which can lead to long-term changes in climate [Self et Rampino and Self, 1992] . Small, passively degassing volcanoes, for which there are many currently active at any time, also contribute significant amounts of volatile elements as gases and aerosols to the troposphere. Although residence time of these gases and aerosols may be short (at least compared to those in the stratosphere), they Mount Erebus (77ø33'S, 167ø10'E, 3794 m above sea level) is the southernmost active volcano in the world. Although derailed observations of the volcanic activity did not start until the 1970s (and even that is sporadic and limited to a few months during the austral summer), historic observations suggest it has been passively degassing since 1841 and probably much longer [Kyle et al., 1982] . Mount Erebus is characterized by a permanent convecting lake of anorthoclase phonolite magma which was discovered in 1972 [Giggenbach et al., 1973] and continued to exist in December 1995. The lava lake was 60 m in diameter in 1978 but was buried in September 1984 by ejecta during a 4 month period of increased strombolian activity [Kyle et al., 1982; Dibble et al., 1984; . The lava lake was exhumed in January 1985 and over the last 10 years has varied as one or more small pools from 10 to 25 m in diameter. Small strombolian eruptions from the lake(s) rarely (once or twice a month) eject bombs onto the Main Crater floor. However, during the period when samples were collected for this study, the lava lake was slowly convecting and quietly degassing with rare (one or two per week) small strombolian bubble bursts ejecting bombs 50-100 m distance.
Preliminary data [Kyle et al., 1990] showed the Erebus plume was rich in halogem and enriched in In, As, Hg, Zn, Au, Se, Co, W, Cs, Mo, Rb, Cu, Na, and K. Especially interesting is the occurrence of elemental gold in aerosol samples, possibly formed by reducing Au-C1 complexes by sulfur [Meeker et al., 1991] . The nature and origin of particulate aerosols emitted by Erebus are discussed by Chuan et al. [1986] and Chuan [1994] . Sheppard et al. [1994] gave preliminary estimates of outputs of several gases species from Mount Erebus.
Samples and Analytical Techniques
Forty-eight gas and aerosol samples were collected during December 1986 December , 1988 December , 1989 , and January 1991 using and shaken for at least 12 hours. The solution was filtered and analyzed using a Dionex 4000i model IC. All standards were prepared gravimetrically using K2SO4 and KF reagent grade salts dissolved in a matrix similar to the unknown samples.
Results
Analyses of the particulate and treated filters were combined to give a total element concentration for each sample collected and recorded as micrograms of element per cubic meter of air (Tables 1 to 4 ). New analyses of S on filters collected in 1986 are presented in Table 1 Element emission rates (Table 5 ) are calculated by using element/sulfur weight ratios determined on the filters and correlation spectrometer (COSPEC) measurements of SO2 emission rates . Uncertainties in the emission rates result from (1) analytical errors during filter analysis, (2) errors in SO2 flux measurements, and (3) uncertainties associated with sample collection. The overall uncertainty in the enussion rate for an element ((JF) [Journel and Huijbregts, 1978] Thanks to the low ash content of the Erebus plume, the use of either A1, Sc, or Br produces similar results in calculating EFs. Here we used Sc as the reference element because (1) Sc is easily analyzed by INAA even at very low concentrations, whereas in some cases high-precision determination of Br was a problem due to high blank concentrations; and (2) using Sc allows Br enrichment in the plume to be determined; this is important because Br may be important in volatilization of some metals [Gemmel, 1987] .
Four yearly averaged EF values for the Erebus filter pack sample are compared with a sample collected in December 1978 [Germani, 1980] The sulfate budget for Antarctica has been evaluated by Delmar [1982] using a simple box model in which the Antarctic atmosphere is represented as a rectangular box with a square base A = 14 x 106 km 2 (~3700 x3700 km) and height h=5 km. Delmas [1982] range in C1 emission rates from Mount Erebus, we can calculate its concentration in the snow knowing the snow accumulation rates (Table 6 ). For south pole, the data in Table 6 An estimate of Cl•x at south pole and Dome C can be calculated knowing the Na concentration in the snow (Table  6) [Legrand and Delmas, 1988] and using the expression Clex = Cl -1.SNa
We calculate 18 ng g'• of CI• at south pole and 40 ng g'• at Dome C (Table 6 ). Using our January 1991 emission rate data, this suggests that almost all the CI• could be derived Because it is likely that gaseous C1 behaves similarly to Br, the TR value calculated above may be low. The calculated Ta indicates there is sufficient time for C1 emissions from Mount Erebus to be quite widely dispersed and consistent with its deposition on the East Antarctic Ice Sheet. The deposition rates were calculated assuming an area of deposition of 14 
Fluorine Emissions
Mount Erebus emits significant quantities of F which could be used as a tracer and should be also present in the atmosphere and snow deposited in Antarctica. Unfortunately, F has not been measured in Antarctic atmosphere or snow and ice samples. Herron [1982] Average emission rates (Table 5) show that many of the elements, notably Zn, As, Se, Br, Cd, In, W, and Au, commonly found in anomalously high quantities in the snow and atmosphere, are emitted from Erebus. The presence of metals in the Erebus plume is attributed to the high halogen content of the Erebus magma [Meeker et al., 1991; ZredaGostynska, 1995], which probably allows the metals to exsolve as halogenated compounds. Other factors which may be important are reducing conditions in the plume that may inhibit precipitation of aerosols and the low ash content of the plume which would limit scavenging of aerosols and also prevent aggregation of aerosols.
The potential contribution of metals from Mount Erebus to East Antarctic snow can be estimated assuming the homogeneous distribution of the plume and the typical snow accumulation rates for the south pole and Dome C [Legrand and Delmas, 1988] . We use the average trace element emission rates (Table 5) , with the exception of S emissions for which we believe the average for the 1983-1991 period is more representative. Our calculated concentrations are compared to literature values in Table 7 . Analyses of metals in polar snow and ice by Boutron and Lorius [1979] , Boutron [1980] , and Delmas [1982] The Erebus plume could easily account for the concentrations of Cu, Cd, V, and As, for which the predicted concen- Pb isotopic ratio in the Dome C core to terrestrial dust. The similarity of the Pb isotopic ratios of Dome C ice with Erebus lavas is consistent with Erebus being the source of the aerosols. It is significant that Mount Erebus Pb isotopic compositions plot on an extension of the linear array defined by most of the snow and ice data. We therefore suggest that Mount Erebus is the source of the background aerosol and the variation in Pb isotopes in the snow and ice is due to two component mixing between marine (seawater) aerosols and those derived from Mount Erebus. We do not accept the conclusion that the snow and ice is heavily contaminated by anthropogenic Pb.
Dispersal of the Erebus Plmne
The dispersal directions of the Erebus plume are unknown. The C1, F, and Pb isotopic data suggests they could be good tracers of the Erebus plume. Unfortunately, the general scarcity of C1 and F data in both the snow/ice and the atmospheric aerosols, makes it impossible to evaluate the Especially helpful would be more data on elements, such as As and In, both of which are enriched in the Erebus plume. By combining the trace element analysis with that of more abundant anions (CI', SO42', and F') it should be possible to trace the patterns of Erebus plume dispersal and to resolve the question of the source of some contaminants often detected in snow samples.
